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INTRODUCTION 

The v a r i o u s  e x p e r i m e n t s  i n  t h i s  s t u d y  are  d e s i g n e d  t o  produce  
d a t a  from r e a c t o r s  which emphasize t h e  e a r l y  s t a g e s  o f  c o a l  g a s i f i c a -  
t i o n  and  i t s  r e a c t i o n s  w i t h  a u x i l i a r y  g a s e s  by b r i n g i n g  t h e  c o a l  
q u i c k l y  up t o  r e a c t i o n  t e m p e r a t u r e  under  c o n d i t i o n s  where h i g h l y  
r e a c t i v e  g a s  phase i n t e r m e d i a t e s  c a n  e x i t  r a p i d l y  from t h e  r e a c t i o n  
zone.  They a r e  t h e n  d e p o s i t e d  on a 1 5 K  r e f l e c t i v e  s u r f a c e  w i t h  a 
l a r g e  e x c e s s  o f  i n e r t  g a s  where f u r t h e r  r e a c t i o n  i s  r a p i d l y  quenched.  
The p r o d u c t s  when i s o l a t e d  i n  a n o n - i n t e r a c t i v e  s o l i d  such  as n i t r o g e n ,  
a r g o n ,  o r  even d r y  a i r  e x h i b i t  w e l l - d e f i n e d  s p e c t r a  which a l l o w  t h e  
p r e c i s e  measurement of i s o t o p i c  s h i f t s  and peak p o s i t i o n s .  F r e e  
r a d i c a l s  and o t h e r  r e a c t i v e  s p e c i e s  c a n  be d e t e c t e d  by c h a r a c t e r i s t i c  
i n f r a r e d  s p e c t r a .  The p r e s e n c e  of i n t e r m e d i a t e s  i s  a l s o  moni tored  
w i t h  a f a s t  t i m e  r e s p o n s e  q u a d r u p o l e  mass s p e c t r o m e t e r .  The combina- 
t i o n  o f  mass s p e c t r o m e t r y  and m a t r i x  i s o l a t i o n  i n f r a r e d  s p e c t r o s c o p y  
s e r v e s  as a n  e f f e c t i v e  probe  f o r  t h e  e x i s t e n c e  o f  t r a n s i e n t  gaseous  
r e a c t i o n  i n t e r m e d i a t e s .  

The t y p e s  of  d a t a  o b t a i n e d  from t h e  s t u d i e s  i n c l u d e :  

(1) S t r u c t u r a l  d a t a  f o r  new s p e c i e s  and s u g g e s t e d  r e a c t i o n  path-  

( 2 )  I n f o r m a t i o n  on t h e  dependence o f  v a r i o u s  g a s  p r o d u c t s  formed 

ways from i s o t o p i c a l l y - s u b s t i t u t e d  r e a c t a n t s .  

on ra tes  o f  h e a t i n g ,  r e a c t a n t  g a s e s ,  and c o a l  p a r t i c l e  s i z e .  

The q u e s t i o n  as t o  whether  t h e  r e a c t i o n s  o f  p a r t i c u l a r  pr imary  
b u i l d i n g  b l o c k s  o f  c o a l  l e a d  t o  s p e c i f i c  p r o d u c t s  i s  s t u d i e d  by adding  
t h e  m o l e c u l a r  s p e c i e s ,  i . e . ,  v a r i o u s  p o l y c y c l i c  a r o m a t i c s  (PCA's) t o  
t h e  c o a l  o r  as a r e a c t a n t  g a s  and n o t i n g  t h e  e f f e c t  on product  d i s t r i -  
b u t i o n .  

EXPERIMENTAL 

A new m a t r i x  i s o l a t i o n  sys tem h a s  been d e s i g n e d  t o  a l l o w  b o t h  
mass s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  i n f r a r e d  s t u d i e s  of h i g h l y  
r e a c t i v e  t r a n s i e n t  s p e c i e s .  Close  c o u p l i n g  w i t h  d i f f e r e n t i a l l y  pumped 
s y s t e m s  p e r m i t s  t h e  d e t e c t i o n  o f  s p e c i e s  e v o l v i n g  from samples  exposed 
t o  p r e s s u r e  p u l s e s  o f  v a r i o u s  g a s e s  up t o  one a tmosphere .  The system 
i s  i n t e g r a t e d  i n t o  a h i g h  r e s o l u t i o n  F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r  
which c o v e r s  t h e  s p e c t r a l  r a n g e  from t h e  far  i . r .  t o  t h e  n e a r  i . r .  
( 1 0 0  microns t o  1 m i c r o n ) .  
s u r f a c e s .  T h i s  l a r g e  number o f  s u r f a c e s  i s  v e r y  v a l u a b l e  i n  a t t e m p t s  
t o  d e t e c t  small changes  which o c c u r  due t o  changed r e a c t o r  c o n d i t i o n s .  
The i n c r e a s e d  accuracy  o f  i n f r a r e d  d i f f e r e n c e  s p e c t r o s c o p y  c a n  be 
used t o  g r e a t  advantage  w i t h  a l a r g e  number of  samples  which r e s u l t  
from small changes i n  r e a c t o r  c o n d i t i o n s .  The combina t ion  of  mass 
s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  s p e c t r a  g r e a t l y  i n c r e a s e  t h e  
l i k e l i h o o d  of p o s i t i v e  s p e c i e s  i d e n t i f i c a t i o n .  Three  q u a r t z  c r y s t a l  

The d e s i g n  h a s  s e v e n t y  a v a i l a b l e  d e p o s i t i o n  
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i n f r a r e d .  R e s u l t s  f rom t h i s  s t u d y  are p r e s e n t e d  i n  F i g u r e  5 .  

A t  1 4 6 C ,  c o a l  d e v o l a t i l i z a t i o n  c a n  be  c h a r a c t e r i z e d  by e v o l u t i o n  
of CO2,  C H 4 ,  H20, and C O .  A t  a n  i n c r e a s e d  t e m p e r a t u r e  o f  326C, l i g h t  
hydrocarbon g a s e s  s u c h  as C2H4 and C 2 H 6  are  o b s e r v e d  a l o n g  w i t h  C H 4 ,  
C02, CO and H20. Most of t h e s e  l i g h t  hydrocarbons  are d e v o l a t i l i z e d  
between 326 and 605c. A s i m i l a r  b e h a v i o r  h a s  been noted  by Solomon 
and co-workers .  / 1 , 2 /  
which h a s  not  y e t  been i d e n t i f i e d .  

A t  l038C, a new peak  at  1525 cm-l a p p e a r s  

An i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  C02 seems t o  r e a c h  maximum 
y i e l d  a t  low t e m p e r a t u r e s  and  remains  r e l a t i v e l y  c o n s t a n t  a t  h i g h e r  
t e m p e r a t u r e s .  However, CO a p p e a r s  t o  i n c r e a s e  w i t h  h i g h e r  tempera tures  
and  does not  r e a c h  a maximum at  t h e  h i g h e s t  t e m p e r a t u r e  s t u d i e d .  

Rapid P y r o l y s i s  of I l l i n o i s  #6 

I 

S t u d i e s  o f  r a p i d  p y r o l y s i s  o f  c o a l  g r a n u l e s ,  u s i n g  t h e  pulsed  
f l o w  r e a c t o r  and t h e  c o a l  g r a n u l e  i n l e t  v a l v e  d e s c r i b e d  i n  F i g u r e  3 
i n d i c a t e  r e s u l t s  similar t o  t h o s e  f o r  s low p y r o l y s i s .  However, r a p i d  
p y r o l y s i s  o f  I l l i n o i s  #6 powder g i v e s  a much more complex I R  spectrum 
w i t h  t w o  new p e a k s  a p p e a r i n g  a t  1180 and 1328 cm-l. 

i n t e n s i t i e s  a r e  a lways t h e  same, i n d i c a t i n g  t h a t  t h e y  are  due t o  a 
s i n g l e  s p e c i e s .  

powders i s  i l l u s t r a t e d  i n  F i g u r e  6 .  

These two peaks 
are  predominant  and a lways  o c c u r  s i m u l t a n e o u s l y .  T h e i r  r e l a t i v e  I 

A comparison o f  r a p i d  p y r o l y s i s  of I l l i n o i s  #6 g r a n u l e s  v e r s u s  

Two o t h e r  c o a l s  b e s i d e  I l l i n o i s  #6 were s t u d i e d ,  Western Kentucky 
and Upper F r e e p o r t  as shown i n  F i g u r e  7 .  Western Kentucky i s  a high 
m o i s t u r e  and h i g h  oxygen c o n t e n t  c o a l  w h i l e  Upper F r e e p o r t  i s  a low 
m o i s t u r e  and low oxygen c o n t e n t  c o a l .  Both t y p e s  o f  c o a l  g i v e s  
r e s u l t s  s imilar  t o  I l l i n o i s  # 6  when t h e i r  powders a r e  r a p i d l y  pyro- 
l y z e d .  
methane a b s o r p t i o n  f o r  b o t h  c o a l s  s t u d i e d .  T h i s  i n d i c a t e s  t h a t  t h e  

d u r i n g  r a p i d  p y r o l y s i s .  

Rapid P y r o l y s i s  o f  Oxid ized  I l l i n o i s  #6 

I l l i n o i s  #6 powder was o x i d i z e d  by h e a t i n g  i n  a n  oven a t  1 g O C .  
Samples t a k e n  a f t e r  one h o u r  and a f t e r  1 8  h o u r s  of h e a t i n g  were 
r a p i d l y  p y r o l y z e d  t h r o u g h  t h e  p u l s e d  f l o w  r e a c t o r .  F i g u r e  8 shows 
t h e  predominant  gaseous  p r o d u c t s  t o  be C02, CO and H20, a s  expec ted  
for o x i d i z e d  c o a l .  S l i g h t  t r a c e s  of  C H 4  and t h e  s p e c i e s  r e s p o n s i b l e  
f o r  1180 and 1328 cm-1 a r e  a l so  o b s e r v e d .  T h i s  i n d i c a t e s  t h a t  t h e  
p r e s e n c e  of the u n i d e n t i f i e d  i n t e r m e d i a t e  s p e c i e s  i s  n o t  dependent  
upon t h e  e x t e n t  o f  o x i d a t i o n  o f  t h e  c o a l  samples .  It i s ,  however, 
reduced  i n  y i e l d  which i n d i c a t e s  t h e  s p e c i e s  i s  n o t  due t o  o x i d a t i o n  
of  t h e  c o a l  sample.  

Rapid P y r o l y s i s  o f  I l l i n o i s  #6 with  D2016 and D2018 

g r a n u l e s  was s t u d i e d  by t h e  a d d i t i o n  of D2016 and D2018. Gaseous 
d e u t e r a t e d  water was pre-mixed w i t h  a r g o n  and p u l s e d  t h r o u g h  t h e  
r e a c t o r  immedia te ly  a f t e r  c o a l  g r a n u l e s  were dropped i n t o  t h e  h o t  
r e a c t o r  zone .  R e s u l t s ,  shown i n  F i g u r e  9,  s u g g e s t  t h a t  oxygen from 

Absorpt ions  a t  1180 and  1328 cm-1 a r e  predominant  o v e r  t h e  

s p e c i e s  r e s p o n s i b l e  f o r  1180 and 1328 cm-1 i s  common t o  a l l  c o a l s  1' 
1, 

, 

The e f f e c t  o f  gaseous  water on r a p i d  p y r o l y s i s  of I l l i n o i s  #6 
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mass moni tors  a r e  mounted on t h e  c o l d  t r a p p i n g  b l o c k .  They s e r v e  as 
very  s e n s i t i v e  q u a n t i t a t i v e  m o n i t o r s  o f  t h e  beam d e n s i t y  s t r i k i n g  t h e  
t r a p p i n g  s u r f a c e .  A d e t a i l e d  schemat ic  o f  t h e  MI-MS a p p a r a t u s  i s  
shown i n  F i g u r e s  1 and 2.  

f o r  Coal  g r a n u l e s  and c o a l  powders. The r e a c t o r  c o n t a i n s  t h r e e  
s e c t i o n s .  The f i r s t  s e c t i o n ,  A ,  c o n t a i n s  t h e  c o a l  g r a n u l e  i n l e t  
v a l v e .  The second s e c t i o n ,  B ,  c o n t a i n s  t h e  hot  r e a c t o r  zone,  
r e s i s t i v e l y  h e a t e d  t h r o u g h  a nichrome wire wrapped around t h e  o u t s i d e  
of  t h e  q u a r t z  t u b e .  It i s  s e p a r a t e d  from t h e  c o l d  (15K) copper  m a t r i x  
i s o l a t i o n  s u r f a c e  by a small amount og q u a r t z  wool i n s e r t e d  i n  t h e  
t u b e .  Coal g r a n u l e s  are i n t r o d u c e d  i n t o  t h e  hot  r e a c t o r  zone by 
s imply dropping  them i n  t h r o u g h  v a l v e  A .  
P u l s e d  open which c a u s e s  a n  i n e r t  g a s ,  a r g o n ,  t o  c a r r y  t h e  g a s e o u s  
p r o d u c t s  th rough t h e  q u a r t z  wool and o n t o  t h e  1 5 K  copper  s u r f a c e  o f  
t h e  m a t r i x  i s o l a t i o n  a p p a r a t u s .  Approximately 1 5  g r a i n s  o f  c o a l  were 
used f o r  e a c h  t r a p p i n g .  

i n t o  t h e  hot  r e a c t o r  zone.  It c o n t a i n s  a f l u t t e d  g l a s s  column, 
s e p a r a t e d  from t h e  hot  r e a c t o r  zone by two two-way v a l v e s .  The i n e r t  
c a r r i e r  gas, a rgon ,  i s  l e t  i n  f rom t h e  bot tom, p a s s i n g  t h e  f r i t ,  
c r e a t i n g  a s i m u l a t e d  f l u i d i z e d  bed o f  c o a l  powder. Coal powder a l o n g  
w i t h  t h e  i n e r t  g a s  i s  p u l s e d  i n t o  t h e  h o t  r e a c t o r  zone by s e q u e n t i a l l y  
p u l s i n g  open e a c h  o f  t h e  two-way v a l v e s .  Gaseous p r o d u c t s  are 
c a r r i e d  by t h e  e x c e s s  i n e r t  g a s  o n t o  t h e  15K m a t r i x  i s o l a t i o n  s u r f a c e  
t o  be s t u d i e d  by i n f r a r e d  s p e c t r o s c o p y .  U s u a l l y  50-100 p a u s e s  o f  
c o a l  powder were used f o r  each  t r a p p i n g .  

F i g u r e  3 p r e s e n t s  a s c h e m a t i c  d iagram o f  a p u l s e d  f l o w  r e a c t o r  

A two-way v a l v e  i s  t h e n  

The t h i r d  s e c t i o n ,  C ,  i s  used f o r  i n t r o d u c t i o n  o f  c o a l  powders 

PULSED FLOW VERTICAL HEATER REACTOR 

. A schemat ic  drawing  o f  t h e  v e r t i c a l  h e a t e r  r e a c t o r  i s  shown i n  
F i g u r e  4 .  This  r e a c t o r  i s  v e r y  s imi l a r  t o  t h e  p u l s e d  flow r e a c t o r  
d e s c r i b e d  i n  F i g u r e  3, e x c e p t  t h a t  t h e  d e s i g n  a l l o w s  t h e  gaseous  
p r o d u c t s  t o  be t r a p p e d  d i r e c t l y  o n t o  t h e  m a t r i x  s u r f a c e  w i t h o u t  
f o r m a t i o n  of t a r s  a l o n g  t h e  s i d e s  o f  t h e  t u b e  a s  i n  t h e  c a s e  f o r  t h e  
p r e v i o u s  r e a c t o r .  The h o t  r e a c t o r  zone i s  p l a c e d  i n  t h e  m a t r i x  
i s o l a t i o n  chamber. It c o n s i s t s  o f  a q u a r t z  t u b e  w i t h  a small opening  
n e a r  t h e  bottom of t h e  t u b e  which i s  i n s e r t e d  i n t o  a v e r t i c a l  t a n t a l u m  
h e a t e r .  The t a n t a l u m  h e a t e r  a l s o  h a s  a smal l  opening  on t h e  s i d e  
f a c i n g  t h e  m a t r i x  i s o l a t i o n  s u r f a c e .  A smal l  p i e c e  o f  q u a r t z  wool 
i s  p l a c e d  i n t o  t h e  q u a r t z  t u b e  so t h a t  it j u s t  c o v e r s  t h e  opening .  
T h i s  p r e v e n t s  p a r t i c l e s  from b e i n g  blown o n t o  t h e  m a t r i x  s u r f a c e  and 
keeps  them i n  t h e  h o t  r e a c t o r  zone.  

Coal powder i s  p u l s e d  i n t o  t h e  h e a t e r  i n  t h e  same way as 
d e s c r i b e d  f o r  t h e  p r e v i o u s  p u l s e d  f low r e a c t o r .  I n  g e n e r a l ,  p y r o l y s i s  
i s  c a r r i e d  out  o v e r  a t e m p e r a t u r e  r a n g e  o f  1 2 0  t o  1000 C y  i n  vacuo.  
Argon h a s  been used  as  t h e  i n e r t  c a r r i e r  and m a t r i x  g a s .  

RESULTS 
-Pyrolysis o f  I l l i n o i s  #6 Powder 

Coal p a r t i c l e s  (250  mesh) a r e  p l a c e d  i n  t h e  v e r t i c a l  q u a r t z  t u b e  
d e s c r i b e d  i n  F i g u r e  4 and s lowly  h e a t e d  from 1 4 6 C  t o  1038C. Gaseous 
p r o d u c t s  o b t a i n e d  a t  d i f f e r e n t  i n t e r v a l s  o f  t e m p e r a t u r e  are  t r a p p e d  
w i t h  a rgon ,  i n t r o d u c e d  from a s e p a r a t e  i n l e t  t u b e ,  o n t o  t h e  l5K 
copper  m a t r i x  i s o l a t i o n  s u r f a c e  and s u b s e q u e n t l y  examined t h r o u g h  
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t h e  water  ends up as CO and CO2, as s e e n  by t h e  p r e s e n c e  of c018 and 
C016018 i n  t h e  r e a c t i o n  w i t h  D2018. However, no d e u t e r a t e d  methane 
i s  e v i d e n t  i n  e i t h e r  r e a c t i o n s .  

DISCUSSION 

To d a t e  ou r  work h a s  shown t h a t  t h e  p r o d u c t  gaseous  s p e c i e s  from 
p y r o l y s i s  a r e  v e r y  dependent  on c o a l  p a r t i c l e  s i z e .  A s  might  be 
e x p e c t e d ,  t h e  l a r g e r  p a r t i c l e s  t e n d  t o  produce t h e  smaller a l k a n e s  
and a l k e n e s  as a r e s u l t  o f  s e c o n d a r y  p y r o l y s i s .  Rapid p y r o l y s i s  of  
t h e  s m a l l e r  p a r t i c l e s  p r o d u c e s  new s p e c i e s  which a r e  thought  t o  be 
more r e p r e s e n t a t i v e  of  t h e  s p e c i e s  r e s u l t i n g  from i n i t i a l  bond break-  
i n g  s t e p s .  One s e c i e s  i n  p a r t i c u l a r  produces  s t r o n g  f e a t u r e s  a t  

i d e n t i f i c a t i o n  o f  t h i s  s p e c i e s  as y e t  b u t  i t  i s  hoped t h a t  s t u d i e s  
of  model compounds and a d d i t i o n a l  mass s p e c t r o m e t r i c  i n f o r m a t i o n  w i l l  
a l l o w  i d e n t i f i c a t i o n  o f  t h i s  s i g n i f i c a n t  r e a c t i o n  i n t e r m e d i a t e .  It i s  
a l s o  c l e a r  t h a t  improved c o n t r o l  o f  p a r t i c l e  s i z e  and t h e  amount o f  
c o a l  i n j e c t e d  p e r  p u l s e  w i l l  g r e a t l y  a i d  o u r  i n t e r p r e t a t i o n  of  product  
d i s t r i b u t i o n s .  O f  c o u r s e ,  t h i s  a l s o  a p p l i e s  t o  s t u d i e s  of  r e a c t i o n s  
w i t h  g a s e s  such  a s  water, hydrogen and carbon d i o x i d e .  P r e l i m i n a r y  
work w i t h  a small g a s  r e c i r c u l a t i n g  s y s t e m  i n  which s e l e c t e d  c o a l  
p a r t i c l e  s izes  are e n t r a i n e d  w i t h  r e a c t a n t  and i n e r t  g a s e s  i n d i c a t e s  
t h a t  a much improved p u l s e d  c o a l  i n j e c t i o n  sys tem i s  p o s s i b l e .  It  
i s  expec ted  t h a t  c o n s i d e r a b l e  a d d i t i o n a l  d a t a  o f  p r o d u c t  d i s t r i b u t i o n s  
c o r r e l a t e d  t o  p a r t i c l e  s i z e ,  t e m p e r a t u r e  and r e a c t a n t  g a s  w i l l  be 
a v a i l a b l e  i n  t h e  n e a r  f u t u r e .  
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